Abstract Solitary pulmonary nodules (SPN) have become increasingly prevalent and diagnostic management remains challenging. We demonstrate a novel technique in which probe-based confocal endomicroscopy (pCLE) could be performed to microimage SPN in vivo and in realtime. Two confocal wavelengths (488 and 660 nm with methylene blue (MB)) were used for elastin network and cellular imaging, respectively using pCLE in conjunction with r-EBUS and virtual navigation. In the first case, the 1-mm Alveoflex Ò was used to image a metastatic melanoma in a subcentimetric nodule in the right middle lobe. In the next case, a malignant 2-cm nodule in the posterior segment of the upper lobe was imaged using the smaller 0.6-mm Cholangioflex Ò . Lastly, we present a benign case revealing confocal characteristics of a nodular lipid pneumonitis. This reports for the first time the feasibility and utility of pCLE in vivo microimaging of SPN using either the Alveoflex or Cholangioflex miniprobes in addition to 660 nm/MB imaging. 
Introduction
Solitary pulmonary nodules (SPN) have become more prevalent and due to the increasing reports of peripheral lung adenocarcinoma, the management of SPNs is becoming more challenging [1] [2] [3] . New endoscopic techniques such as navigation bronchoscopy have improved diagnostic yield [4] [5] [6] .
Probe-based confocal laser endomicroscopy (pCLE) is a new technique that can microscopically image the alveoli in vivo during standard flexible bronchoscopy [7] [8] [9] . A thin and flexible miniprobe called Alveoflex Ò (Mauna Kea Technologies, Paris, France) is advanced through the working channel of the flexible bronchoscope to reach the distal lung. Thinner and more flexible probes are available for bile duct exploration (Cholangioflex Ò ) that may be useful for subsegmental bronchi that are more distal and difficult to access.
Two different wavelengths are available: 488 nm used for autofluorescence microimaging of the elastin network imaging, while the 660 nm with topical application of methylene blue (MB) can be used for cellular imaging [10] . This technique could potentially allow improved targeting of the biopsy area, with in vivo cellular and microstructural imaging of SPNs. To this day, there are currently no reports published on the utility of pCLE for the diagnosis of SPN. We present here three cases showing how the r-EBUS/navigational technique can be enhanced with pCLE.
Method
To image SPNs in vivo and in real-time, we developed a technique based on pCLE of the distal lung (Alveoscopy) [9, 10] . The method used r-EBUS coupled with an external sheath and virtual navigation, in which the confocal miniprobe was then introduced into the sheath in order to image the target before sampling.
The endobronchial path to the target was first determined using a navigational software (superDimension TM ). The bronchus of interest was aligned in three dimensions toward the SPN. At this point, the distance between the closest subsegmental bronchi visualized and the SPN of interest was measured. During bronchoscopy under local anesthesia, we applied the technique previously described for the evaluation of SPN using r-EBUS of 20 MHz (Olympus UM-3R, Tokyo, Japan), 1.4-mm radial EBUS probe (UM-S20-17S, Olympus, Tokyo, Japan) and a 1.9-mm external sheath (K-201 Olympus, Tokyo, Japan) introduced into the 2-mm working channel of a 4-mm flexible bronchoscope (MP60 model; Olympus, Tokyo, Japan) [11] .
A stopper was positioned on the confocal miniprobe to ascertain that the tip of the confocal miniprobe coincides with the tip of the external guide sheath (Fig. 1a) . Once the nodule was located with r-EBUS, the confocal miniprobe was introduced through the same guide sheath. To image the alveoli, the bronchial wall was penetrated. A solid pattern was identified as areas in which normal alveolar network was not recognizable and associated with a dense appearance.
Subsequent in vivo cellular imaging was obtained at 660 nm after topical administration of 10 ll of 1 % methylene blue (Proveblue Ò , Marseille, France) using a 1.4-mm cytology brush (BC-204D-2010, Olympus, Tokyo Japan). This was followed by biopsies (FB-233D, Olympus, Tokyo, Japan).
Due to the probe stiffness, the 1-mm Alveoflex Ò miniprobe was used to evaluate SPNs in the lingular, middle, and lower lobes in addition to the anterior segments of the upper lobes [9, 10] . Meanwhile, the 0.6-mm Cholangioflex Ò was used to image the apical and posterior segments of the upper lobes. Recorded image analysis was performed using the Medviewer Ò 1.1 software (Mauna Kea, Paris, France,) and compared with histopathology.
The subjects discussed in this study were recruited as part of the NOVIDEM trial (ClinicalTrials.gov identifier: NCT01931579) and approved by the ethical committee of the University Hospital, Rouen to include both Alveoflex Ò and Cholangioflex Ò probes. All patients gave informed consent. The procedures were performed by one endoscopist (LT) under local anesthesia.
Results
Case 1:9-mm Right Middle Lobe Nodule Using the 1-mm Alveoflex
Ò
The first example involves a 74-year-old male who was surgically treated for both malignant melanoma of the left forearm and a squamous cell carcinoma of the skin 2 years previously. A follow-up CT scan revealed a 9-mm diameter nodule in the right middle lobe. With superDimension TM , we planned the road map of the subsegmental bronchi distal to RB4, pre-empting that the SPN is 2 cm away from the last attainable bronchus (Fig. 1b) .
Once the nodule was located using r-EBUS, confocal imaging at 488 nm was performed at this level (Fig. 1c ). This revealed a compact, destroyed alveoli with thickened fibers (Fig. 1d) . The MB/660-nm confocal analysis revealed increased cellularity of regular, small (\20 lm) individual cells (Fig. 1e ). There were areas of decreased fluorescence signal suggesting melanin production which has been shown to absorb light at 660 nm [12] . Due to the high level of suspicion for malignancy in this history and abnormal pCLE findings, a fiducial marker was placed into the nodule during the same procedure.
The biopsies obtained through the guide sheath during the endoscopy revealed small malignant cells composing of eosinophilic cytoplasm containing large nuclei, expressing reliable melanoma tumor markers. The molecular analysis of the biopsy sample showed BRAF-V600E mutation (Fig. 1f) . These findings were consistent with a lung metastasis of melanoma, which was later treated with Cyberknife Ò .
Case 2: A 2-cm Nodule in the Right Upper Lobe Using the 0.6-mm Cholangioflex
The case involves a 51-year-old male smoker with a history of supracricoid laryngectomy for squamous cell carcinoma 3 years previously. He presented with left-sided hemiparesis, and a subsequent full-body CT scan revealed multiple intracranial lesions in addition to a right lung apical mass (Fig. 2a) . Using virtual navigation, we planned the road map distal to the right upper lobe bronchus, anticipating a difficult course involving the posterior and then, the medial subsegment of RB1 (Fig. 2b) . The 2-cm nodule was measured to be 3 cm away from the last attainable bronchus. The Cholangioflex Ò was introduced into the guide sheath once r-EBUS revealed the nodule of interest (Fig. 2c) . The microimaging revealed a dense appearance of solid tissue with unrecognizable elastin network (Fig. 2d) . A 660 nm/MB imaging revealed scattered large cells of 25-30 microns. Decreased areas of fluorescent signal also suggest local necrosis (Fig. 2e ). This coincides with the bronchial biopsy which was reported to be paucicellular, but displayed necrotic materials. In order to secure the diagnosis, the patient subsequently had a wedge resection a week later which revealed large cell undifferentiated carcinoma with extensive necrosis (Fig. 2f) . Again, virtual navigation was used to evaluate the endoscopic path for both lesions in RB5 and LB7 (Fig. 3a,  b) . The distal and then medial subsegmental bronchus in the right middle lobe appeared stenosed, and indeed were not accessible using r-EBUS. However, using the AlveolflexÒ Miniprobe for confocal imaging, 100 lm fluorescent and Fig. 1 a A stopper is used to determine that the tip of the confocal miniprobe coincides with the tip of the external guide sheath which was firstly used by r-EBUS to locate the nodule. b The layout of the virtual bronchoscopy using the superDimension TM software to 3-dimensionally identify the pathway to the 9-mm nodule (white arrow) in the right middle lobe (only one dimension demonstrated here). c The r-EBUS image of the right middle lobe revealing a small hypoechoic area in RB4. d Right middle lobe nodule alveoscopic image at 488 nm showing distorted, irregular elastic fiber network with an area that appeared more compact. Some alveoli remain recognizable however, are distorted (scale bar 50 lm using the Alveoflex Ò ). e Alveoscopic image at 660 nm with topical MB administration revealing increasing cellularity of regular, small individual cells, and areas of decreased fluorescence that may correspond to melanin disposition (white arrow) (scale bar 50 lm using the Alveoflex Ò ). f Histopathological analysis stained with haematoxylin and eosin revealing melanoma with high nucleocytoplasmic ratios and prominent nucleoli, in addition to melanin production which appears as prominent pigment synthesis (white arrow)
Lung (2015) 193:773-778 775 mobile round structures were elicited in RB5 that appeared characteristic of lipid droplets ( Fig. 3c and online video) . The elastin network was distorted and dense. The 660 nm/ MB study revealed paucicellular regions with dark hollow areas (Fig. 3d) . Similar findings were observed in LB7. The biopsy reported chronic inflammatory changes in contact with optically empty vacuoles, which confirmed the suspected diagnosis of lipid pneumonitis (Fig. 3e ).
Discussion
This work shows the potential utility of pCLE coupled with MB/660 nm study in the evaluation of SPNs. The 1-mm Alveoflex Ò miniprobe was successfully used to assess a subcentimetric nodule, while a 2-cm nodule located in the posterior segment of the upper lobe was evaluated using the 0.6-mm Cholangioflex Ò miniprobe. In the third case, we present a benign case with a high suspicion for lipidlung disease from the history, with specific characteristics on the confocal imaging. A confocal imaging at 488 nm of a normal alveoli duct is illustrated in Fig. 3f for comparison.
The diagnosis of subcentimetric nodules is challenging even with standard guidelines [3, 13, 14] . In the first case, we demonstrated that subcentimetric nodules could be reached with this technique. Due to the abnormal areas identified in the MB/660 nm imaging which raised our suspicion index for malignancy, we decided to place a fiducial marker during the same procedure without a second bronchoscopy.
In the second case, we demonstrated that confocal imaging of a distal, difficult-to-reach nodule is feasible with this combined technique. However, specimens obtained by forceps biopsies using navigation bronchoscopy are often small, and subject to crush artifact, especially in cases of necrotic tumors. In this case, despite localizing the SPN using r-EBUS, the endoscopic biopsies revealed necrosis. However, the MB/660 nm study elicited images of unidentified large scattered cells that were ). e Alveoscopic image at 660 nm after topical MB administration revealing scattered large cells with areas of decreased fluorescent signal which may correspond to areas of necrosis (scale bar 20 lm using the Cholangioflex Ò ). f Histopathology analysis stained with haematoxylin and eosin shows a proliferation of undifferentiated large tumor cells different from previously described alveolar cells from normal, healthy lungs [9] . Therefore, similar to the first case, this case illustrates the added benefit of MB/660 nm evaluation for in vivo cellular imaging, in addition to the analysis of elastin network using the standard 448-nm excitation. However, the in vivo confocal imaging obtained did not obviate the need for surgical wedge resection to secure the diagnosis. In an unpublished report, we have observed that topical MB/660 nm pCLE makes it possible to image the cellular organization of SPNs in which we identified possible pCLE characteristics of small-cell lung cancer from other histological type [15] .
In the third case, it was the pCLE, not r-EBUS that guided the site for the biopsies which displayed histopathology characteristics (empty vacuoles) relevant to those elicited using confocal imaging (lipid droplets). Therefore, we demonstrated that microimaging the SPN in vivo using pCLE could potentially optimize the site for targeted biopsies, perhaps adding diagnostic value to other techniques such as r-EBUS and navigation bronchoscopy.
The evidence for the potential role of pCLE is growing. In previous works, limitations of pCLE have been defined including artifacts linked to compression of fragile parenchyma structures as well as difficulties in interpretation of elastin network which may vary from different individuals [9, 10] . However, as the site of evaluation is specific and guided by navigational bronchoscopy, these limitations are appearing less important for SPNs compared to diffuse interstitial diseases. However, a potential limitation for pCLE in the diagnosis of SPNs lies in identifying the difference between malignant and benign nodules which may exhibit similar confocal characteristics.
In conclusion, although it is too early to say if pCLE will be able to replace conventional biopsy for SPN, we show here the utility of pCLE for in vivo microimaging and optimizing target biopsies in three cases of SPNs. Large future prospective studies including comparison with navigational bronchoscopy without confocal imaging and/or CT-guided biopsies are required to predict the presence of malignancy with high accuracy using standardized, reproducible descriptors. 
